esses by the endogenous circadian clock in plants is circadian resonance (CR) (Dodd et al., 2005; Graf et al., 2010; Fukuda et al., 2011) , which matches the periodicity of the plant circadian rhythm to the external light-dark cycle and thereby maximizes aerial weight. For example, arrhythmic plants in which functioning of the endogenous clock has been disrupted exhibit inferior aerial weight compared to the wild strain. The findings of that study not only demonstrated that the circadian clock affects plant growth, but that it may also be possible to exploit the circadian clock to control plant growth. The studies on CR, changing the period of the light-dark cycle by just 4 h reduced plant growth by approximately 50% (Dodd et al., 2005) , implying that precise control of the light environment is required for CR generation. However, relatively few studies have examined the role of CR in plants other than Arabidopsis thaliana, and it is not known whether this role holds the potential to apply in other agricultural products or plants.
In this study, we tried to investigate the occurrence and effects of CR in lettuce, which is widely cultivated in plant factories, the present study employed an artificiallight, hydroponic culture system to accurately control the growing environment. The experiments employed four different light cycles with red and blue light emitting diodes (LEDs) and fluorescent white light as the light sources. In lettuce, the effect of LED illumination has been demonstrated that the period of circadian rhythms tended to be shorter than 24 h (Higashi et al., 2014) . When considered in conjunction with CR characteristics, this shortening of the circadian rhythm suggests that plant growth could be increased using short-period light-dark cycles.
MATERIALS AND METHODS

Plant materials and growing systems
The test plants consisted of two varieties of leaf lettuce (Lactuca sativa L. cv. Cos and Greenwave; the fixed lines of lettuce cultivars from TAKII & Co., Ltd., Kyoto, Japan) that are widely cultivated in plant factories in Japan. The light sources used were red LEDs (660 nm; Shibasaki, Inc., Saitama, Japan), blue LEDs (450 nm; Shibasaki, Inc., Saitama, Japan), and fluorescent white light (FHF32EX-D-HX-S; NEC Lighting, Ltd., Tokyo, Japan). Cultivation was performed using a Deep Flow Technique (DFT) hydroponic system. A submersible pump was placed in a tank containing the culture medium to maintain constant circulation at 10 15 L min 1 , and a total of three cultivation beds (2720 mm 640 mm 150 mm; Sanki Keiso Co., Ltd., Saitama, Japan) were filled with the culture medium at a specified constant pH and Electric Conductivity (EC). In each bed, three cultivation panels (885 mm 590 mm 30 mm; M Hydroponic Research Co., Ltd., Aichi, Japan) were installed with open planting holes and root zones at a water depth of 90 mm. The inter-hole distance was 70 mm across the length and 100 mm across the width. The cultivation medium was composed of tap water and fertilizer (N:P2O5: K2O:CaO:MgO 10:8:27:0:4 and N:P2O5:K2O:CaO: MgO 11:0:0:23:0; Otsuka House No. 1 and 2, respectively; Otsuka Chemical Co., Ltd., Osaka, Japan) at pH 6.0 and EC 2.0. The pH and EC settings were performed with reference to the Otsuka Chemical standard solution formulations.
Growing conditions Lettuce seeds were sown on a water-laden urethane sponge in a tray (400 mm 280 mm 70 mm) containing water and incubated for 5 days under fluorescent white light with the tray wrapped to increase the humidity. The photosynthetic photon flux density (PPFD) on the upper surface of the sponge was 450 mol m 2 s 1 in the region of highest intensity and 250 mol m 2 s 1 in the region of lowest intensity. Seedlings of uniform size were then transferred to the hydroponic system, where they were nurtured for a further 15 days under LED or fluorescent white light illumination. The environmental parameters before and after transplantation were 22°C, 50% RH and 1,000 mol mol 1 CO2 concentration. Photoperiod before transplantation was 12-h light:12-h dark (12L:12D). In each experimental trial, the transplanted seedlings were grown under 9L:9D (T18; T-cycle of 18 h), 10L:10D (T20), 11L:11D (T22), or 12L:12D (T24), under a red LED (R), mixed redblue LED (RB; R:B 8:2), or fluorescent white light (FL) with PPFD levels of 180 250 mol m 2 s 1 , 200 250 mol m 2 s 1 , and 250 450 mol m 2 s 1 , respectively. Each trial comprised 20 days (inculcation for 5 days, trial cultivations for 15 days) of cultivation followed by harvesting and assessment of the CR effect by indexing aerial weight.
Evaluation of CR efficiency
The lettuce CR effect was assessed using a new method based on CR efficiency (P), which was expressed as the percentage change in aerial weight and calculated, as shown in Eq. (1) and illustrated in Fig. 1 , as the maximum aerial weight (M(TCR)) obtained with the optimum CR period (TCR), minus the aerial weight (M(TCR 1)) obtained with a cycle period (TCR 1) that was 1 h shorter than (TCR), all divided by (M(TCR)).
For the results shown in Fig. 1 from (TCR) for Arabidopsis thaliana resulted in a 10% decrease CR efficiency. In each trial, the effect of the lightdark cycle was assessed by the same procedure, based on measured aerial weight. Figure 2 shows the aerial weight obtained in all of the trials using (a) Cos and (b) Greenwave cultivars. For Greenwave, the aerial weight was highest at for the T24 photoperiod, irrespective of light quality. The period of circadian rhythms in Greenwave is approximately 24 h (Higashi et al., 2014) , implying that it has effect similar to CR. Conversely, in the Cos cultivar, the T24 photoperiod was clearly associated with maximum aerial weight under R illumination, but not under either RB or FL, neither of which yielded any clear maximum during the experimental period. It has previously been reported that the period of circadian rhythms in Cos was 22 h under R illumination (Higashi et al., 2014) . Therefore, CR was unclear in this experiment.
RESULTS AND DISCUSSION
Effect of light-dark cycle on aerial weight
It was expected that shorter light-dark cycles of LED illumination could be optimum for growth because of shorten effect of LED illumination for period of circadian rhythms (Higashi et al., 2014) . However, we did not observe any cases in which maximum lettuce growth occurred at period of circadian rhythms less than 24 h. A possible reason for this result may due to a genetic mutation in the cultivar. For example, barley cultivars that are well suited for spring planting in Europe and North America have a major mutation in the ppd-H1 homologue of the clock gene PRR7 which suppresses the photoperiod response, increasing yield (Turner et al., 2005) . As this study, a cultivar of genetic mutations that have been induced by selective breeding to produce crop cultivars with beneficial traits have been reported. Similarly, in Cos and Greenwave, the obtained results suggest that genetic mutations incurred over the course of the development of these cultivars may have produced agriculturally beneficial traits, but that these mutations may also be responsible for the observed deviation in CR compared to Arabidopsis thaliana. Figure 3 shows the aerial weight in recombinant lettuce which is used for measure the circadian rhythms. In this case, we first grew lettuce seedlings from seeds planted in a 40-mm dish filled with Murashige and Skoog plant salt mixture medium for 2 weeks under T24 FL. We then cultured the seedlings for 1 week under continuous R illumination before transplanting them to sponges. The sponges were then transferred to the hydroponic system and the seedlings were exposed to R illumination for 1 week under several light-dark cycle periods, followed by measurement of their aerial weight. Figure 3 (a) and (b) show the results for the recombinant Cos and Greenwave, respectively. The results showed that the aerial weight produced by the lettuce seeds was highest at T22, which was similar in length to the period of circadian rhythm in recombinant Cos and Greenwave. Thus, in both Cos and Greenwave, the cultivar and the recombinant strain exhibited differences in growth that were presumably attributable to differences in circadian clock characteristics that had been induced by genetic mutations.
Vol. 53, No. 1 (2015) ) show the variation in aerial weight associated with cultivation under different types of illumination for different light-dark cycles for Cos and Greenwave, respectively. In both cultivars, the difference in cycle period under FL illumination conditions produced relatively small variations in aerial weight compared with R illumination. These results imply that culturing plants under FL will yield high stability in a variety culture conditions but relatively small improvements associated with improved culture conditions. Conversely, the results show that under R illumination aerial weight production can be increased more than double. It has been reported that phytochrome A (PhyA), one of five red-light receptor phytochromes involved in photosynthesis, functions only weakly in photosynthesis under white light (Whitelam et al., 1993) . It is thus possible that the differences in PhyA functioning under R and FL illumination conditions may have accounted for the differences observed in aerial weight production under different lighting conditions. A total of five phytochrome genes has been found in higher plants; type A (PHYA) to type E (PHYE) (Quail et al., 1995) . When a quintuple mutant of Arabidopsis thaliana, i.e. one in which none of these phytochromes are functional, is grown in a white-light environment and then transplanted to a red-light environment, any developed leaves rapidly age and no new leaves develop. The existing leaves nevertheless exhibit periodic opening and closing movement, which indicates that the circadian clock is functioning normally (Strasser et al., 2010) . In triple-mutant rice with mutations in all of the phytochrome genes (PHYA, PHYB, and PHYC), coleoptile growth control and chlorophyll synthesis functions are disrupted and variations in gene expression occur under red light (Takano et al., 2006) . These findings illustrate the important role that plant phytochromes play in the regulation of plant germination, growth, greening, anthesis, and numerous other physiological processes. Under long-term exposure to blue light, PhyA and PhyB are autonomously regulated by blue-light receptor cryptochromes (Poppe et al., 1998) . However, phytochromes also have blue-light absorption spectra, and as a result, PhyA and PhyB are effectively dependent on other phytochrome family genes.
Phytochromes are important in the regulation of period of circadian rhythms (Song and Noh, 2007) .
Moreover, by mediating the activity of the input pathway, they can synchronize the circadian clock with the external light environment. PhyA controls the period of circadian rhythms under weak red and weak blue light. PhyB, PhyD and PhyE mediate strong red-light stimulation, and PhyA and PhyB interaction in signal transmission paths is strongly dependent on light quality (Somers et al., 1998) . The five members of the phytochrome family thus interact to regulate the period of circadian rhythms and entrain the circadian rhythm to changes in the external environment. In this study, PhyA was clearly involved in the functions of the lettuce phytochromes, but its involvement may also be part of a complex mechanism in which PhyA itself is regulated by other members of the phytochrome family. Figure 4 (a) and (b) also show the differences in aerial weight production by the Cos and Greenwave cultivars, respectively, in response to exposure to different light-dark cycle periods and wavelengths of light. In this experiment, the aerial weight was measured after subjecting plants to four light-dark periods (T18, T20, T22, and T24). In addition, the CR efficiency, P, was calculated by Eq. (1) unless no significant difference, with M(TCR) and M(TCR 1 ) obtained from the linear approximations in the figure based on the values obtained for the four light-dark periods. As shown in Table 1 , P in both cultivars was highest under R illumination and lowest under FL illumination. In Greenwave, P under LED light (R or RB) was at least twice as high as under FL light. LEDs typically exhibit light with a narrow bandwidth while FL is characterized by having a relatively broader bandwidth. Plants receive light of different wavelengths and depending on the types and abundance of their receptors, are able to regulate leaf opening, flowering, photosynthesis, and other processes (Lariguet and Dunand, 2005) . Thus, compared to FL, LEDs may therefore be expected to a more pronounced effect on plant reEnviron. Control Biol. sponses to changes in photoperiod, possibly explaining the why the plant responses to LED illumination were more pronounced than they were to FL illumination. In addition, it appears that factors such as light intensity and wavelength can more readily be controlled with LEDs than with FLs, and that LEDs can be used for pulsed or sinusoidal signals to control circadian rhythm (Fukuda et al., 2013; Higashi et al., 2014) . Indeed, it may be possible to increase CR efficiencies by utilizing a combination of these LED properties.
Assessment of CR effect
In this study we used an artificial-light, hydroponic system to investigate the CR effect in Cos and Greenwave lettuce cultivars. The findings revealed a response resembling the CR effect in Greenwave but not in Cos, implying that CR in crops and other agriculturally important organisms may not be universal, possibly due to the effect of genetic mutations associated with cultivar improvement. The results also showed that CR efficiency is higher under LED illumination than under FL illumination, particularly under R illumination when CR efficiency reached 11%. These finding imply that controlling plant growth using LEDs may be highly beneficial. Compared to FL illumination, LED illumination can be accurately controlled, making it better suited for increasing cultivation efficiency.
